Abstract: Diabetes is associated with obesity, generally accompanied by a chronic state of oxidative stress and redox imbalances which are implicated in the progression of micro-and macro-complications like heart disease, stroke, dementia, cancer, kidney failure and blindness. All these complications rise primarily due to consistent high blood glucose levels. Insulin and glucagon help to maintain the homeostasis of glucose and lipids through signaling cascades. Pancreatic hormones stimulate translocation of the glucose transporter isoform 4 (GLUT4) from an intracellular location to the cell surface and facilitate the rapid insulin-dependent storage of glucose in muscle and fat cells. Malfunction in glucose uptake mechanisms, primarily contribute to insulin resistance in type 2 diabetes. Plant secondary metabolites, commonly known as phytochemicals, are reported to have great benefits in the management of type 2 diabetes. The role of phytochemicals and their action on insulin signaling pathways through stimulation of GLUT4 translocation is crucial to understand the pathogenesis of this disease in the management process. This review will summarize the effects of phytochemicals and their action on insulin signaling pathways accelerating GLUT4 translocation based on the current literature.
Introduction
Glucose is a vital source of energy for all eukaryotic cells. Although all human cells use glucose for their energy production, the brain utilizes 80% of consumed glucose under basal conditions. Initially, energy is supplied by breaking down of endogenous glycogens which are stored in the liver for whole body. Then these storages are replenished by glucose from the diet. Following carbohydrate digestion and glucose absorption in the circulation, it is distributed among the various tissues in the body with the stimulation of insulin secretion ( Figure 1 ) [1] . Effect of this stimulation in transmembrane transport of glucose into extrahepatic tissues was proposed by Goldstein and co-authors in 1949 and was extended by Morgan and co-authors in 1961 [2, 3] . Inherent high glucose requirement and rapid glucose-transport system of the brain were reported [1] . Like brain, muscle and adipose tissue have adapted with a highly specialized glucose-transport system for rapid uptake of glucose. This is particularly important during exercise to meet rapidly high metabolic demand of skeletal muscle. This rapid glucose-transport system is also crucial for insulin dependent glucose storage in muscle and adipose tissues after a meal, which assists body to maintain normal blood glucose levels constantly. In 1980, Suzuki and Kono proved that insulin mediates a glucose-transporting activity to the plasma membrane from an intracellular storage site [4, 5] . Glucose distribution is performed by a family of glucose transporters (GLUTs) which act as vehicles to move sugar across the cell surface [6, 7] .
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Glucose transporter isoform 1 (GLUT1), the first identified human glucose transporter protein, was cloned in 1985. It is widely expressed and is not markedly compartmentalized by insulin [8] . However, glucose transporter isoform 4 (GLUT4) is the main insulin-responsive glucose transporter and is located predominantly in muscle and fat cells [9] . GLUT4 was cloned and studied in several laboratories in 1989 [10, 11] . Those studies showed that GLUT4 proteins are translocated to the plasma membrane by the action of insulin through the insulin signaling pathway. Thus, the physiological concern of how insulin accelerates glucose uptake was transformed into the cell biological concern of how insulin stimulates the GLUT4 membrane trafficking. Insulin enhances glucose uptake potentially by elevating the concentration of GLUT4 proteins at the plasma membrane, rather than by enhancing the intrinsic activity of the transporter [12, 13] .
The cellular location of GLUT4 is directed by a regulated recycling process, in which endocytosis, sorting into GLUT4 storage vesicles (GSVs), exocytosis, tethering, docking, and fusion of the proteins are all tightly regulated. To understand the mechanism of cellular glucose uptake, two distinct fields critical: (i) Signaling from insulin receptor and (ii) GLUT4 translocation. Not surprisingly, identifying the molecules that correlate insulin signaling to the GLUT4 trafficking has been a major focus of research [14] . By commencing several signaling pathways, insulin controls energy metabolism that regulates cells growth and survival, as well as uptake, synthesis and hydrolysis of glycogen, proteins and lipids [15] . Some of these signaling pathways, including the mammalian target of rapamycin complex 1 (mTORC1) and extracellular signal-regulated kinase (ERK) pathway, are not large enough in controlling of transport of glucose [16, 17] . As an alternative, adaptor protein with pleckstrin homology and Src homology 2 (SH2) domain (APS) and a phosphoinositide 3-kinase (PI3K) dependent insulin signaling pathways are required by glucose transport in adipose tissue. Src (abbreviated form of sarcoma) is a proto-oncogene encoding one of tyrosine kinases [18] . Of note, the PI3K dependent insulin signaling pathway for glucose uptake in muscle is fairly well-known, although the necessity for the APS-dependent insulin signaling pathway in this particular tissue is still elusive. All these pathways together, clarify the delivery efficiency of GLUT4 to the cell surface by assembling signaling stage at the plasma membrane that are comprised of protein kinases, lipids, adaptor proteins, small GTPases (enzymes that hydrolyze guanosine triphosphate, GTP) and lipid kinases. These signaling pathways involve the compartmentalizing mechanism in regulation of GLUT4 cycling. However, this GLUT4 cycling can also be overstimulated in case of various cancers, like plasma cell malignancy, multiple myeloma, etc. To treat such condition, several studies have been performed to develop GLUT4 antagonist synthetically [19, 20] . The insulin hormone is responsible for glucose homeostasis which is released by the pancreatic β-cells [21] . Inappropriate insulin utilization, leading cause of insulin resistance, is a defective condition characterized by the failure of cell response to standard circulating insulin levels [22] Phytochemicals could be possible alternatives in treatment of type 2 diabetes mellitus or supports in current treatment used. They might also be more effective and have less side-effects than the present medications as well as reduce the risks of the disease. One positive aspect is that large amounts of phytochemicals are already consumed in the daily diet. There are plenty of phytochemicals which are discussed in literature based on their effects against insulin resistance or type 2 diabetes. There are many plants which have been used since ancient times in preventing the conditions which are associated with insulin resistance [23] . Though the possible mechanism is not absolutely understood, numerous studies are being conducted to reveal the different signaling pathways by which various phytochemicals act. The main insulin-responsive GLUT isoform is GLUT4 which is predominantly present in skeletal muscle and adipose tissues. We, therefore, have discussed on the insulin signaling system with GLUT4, the recent understanding of how GLUT4 are compartmentalized by insulin signaling pathways and the role of phytochemicals on these signaling pathways in GLUT4 translocation for prophylaxis and treatment of insulin resistance in GLUT4 located tissues.
Phytochemicals
Medicinal plants have been the basic source of drugs from ancient times and are used extensively as crude drugs for treating various diseases. Some 1-10% of the estimated 250,000 to 500,000 species of plants on Earth are used by humans [24] . Based on the recognized bioactive phytochemicals, polyphenols are the most widespread compounds due to antioxidant and antidiabetic effects of these compounds. The role of polyphenols in glucose homeostasis and carbohydrate metabolism has been well studied and investigated in in-vitro and in-vivo models as well as in some clinical experiments. Some reported antidiabetic effects of phytochemicals through insulin signaling pathways by accelerating GLUT4 translocation are listed in Table 1 . Table 1 . Some reported antidiabetic effects of phytochemicals on insulin signaling pathways accelerating glucose transporter isoform 4 (GLUT4).
Phytochemicals Plants Effects on Insulin Signaling Pathways Accelerating GLUT4 References

Resveratrol Numerous plants
Induces AKT and VEGF as well as the expression of GLUT4 in muscle of STZ-induced diabetic rats via PI3K-AKT pathways [25] Gallotannins Capparis moon Increases GLUT4 and PI3K mRNA expression in the L6 cells [26] 3β-taraxerol Mangifera indica
Activates glucose transport through the translocation of GLUT4, mediating by PI3K dependent activation of AKT protein [27] Astragalus polysaccharide Astragalus membranaceus Regularizes insulin-stimulated PKB-Ser473 phosphorylation and GLUT4 translocation [28] Cyanidin-3-O-β-glucoside and protocatechuic acid Numerous plants Insulin-like activity enhancing GLUT4 translocation and adiponectin secretion [29] Daidzein Glycine max Activates AMPK followed by GLUT4 translocation and enhances glucose homeostasis [30] Iridoid, catalpol, specioside and verminoside Kigelia pinnata Stimulation of GLUT4 trafficking to cell surface [31] Gallic acid Myriophyllum spicatum
Decreases blood glucose and also enhances glucose uptake through the compartmentalization of GLUT4 to the plasma membrane [32] Berberine and vanillic acid Berberis aristata and numerous plants
Improves the translocation of GLUT4 via AMPK-dependent pathway [33] Mangiferin
Salacia oblonga
Enhances the GLUT4 proteins expression and translocation of this glucose transporter to the surface of L6-myocites and 3T3-adipocytes The hypoglycemic effects of polyphenols are chiefly ascribed to lowering the uptake of carbohydrates in the intestine, affecting the glucose metabolism by altering enzyme activities, improving β-cell function and insulin action, initiating insulin release and antioxidant as well as anti-inflammatory effects. [35] [36] [37] . The impacts of the naturally occurring components on the expression of genes are ongoing intensive research to stipulate the mechanisms and novel targets by which these active constituents act as anti-diabetic. Polyphenolic phytochemicals may stimulate gene expressions involved in the occurrence of type 2 diabetes, such as genes controlling the transportation of glucose, release of insulin and its function, antioxidant effect, inflammation, vascular functions, lipid metabolism and thermogenic or other probable mechanisms [25, 38, 39] . Several phytochemicals have been investigated in diabetic rodent models to disclose gene expression data, insulin signaling pathways and glucose transporters data of different target tissues. Some phytochemicals play an important role in insulin signaling pathways and their impact on GLUT4 in regulating glucose uptake. For instance, resveratrol has been observed to induce AKT (also known as protein kinase B) and VEGF (vascular endothelial growth factor) in streptozotocin (STZ)-induced diabetic rat myocardium compared to non-diabetic animals as well as to increase the expression of GLUT4 in muscle of STZ-induced diabetic rats via PI3K-AKT pathways. Pathologically, lower GLUT4 induction was found in diabetic's state [25] Valuable effects of polyphenols on maintenance of plasma glucose in diabetics are summarized in Figure 2. uptake. For instance, resveratrol has been observed to induce AKT (also known as protein kinase B) and VEGF (vascular endothelial growth factor) in streptozotocin (STZ)-induced diabetic rat myocardium compared to non-diabetic animals as well as to increase the expression of GLUT4 in muscle of STZ-induced diabetic rats via PI3K-AKT pathways. Pathologically, lower GLUT4 induction was found in diabetic's state [25] Valuable effects of polyphenols on maintenance of plasma glucose in diabetics are summarized in Figure 2 . 
GLUT Proteins: Structure and Function
The GLUTs (or SLC2A), member of the solute carrier family, are membrane transport proteins that facilitate glucose transportation over plasma membrane, composed of more than five thousand members in all three kingdoms [40, 41] . The presence of these transporters in all phyla suggests that glucose is a vital source of energy for all forms of life. Many people believe that there are 14 GLUTs in humans [9] and these 14 isoforms are classified into class I (GLUTs 1-4, 14), class II (GLUTs 5, 7, 9 and 11) and class III (GLUTs 6, 8, 19, 12 and 13). GLUTs are the main regulators of glucose homeostasis in the body and every cell type of the body consists of at least one GLUT isoform. In Figure 2 . The hypoglycemic effects of phytochemicals are chiefly ascribed to lower the uptake of carbohydrates in intestine affecting the glucose metabolism by applying an alteration in the enzyme activities, β-cell function betterment and insulin action improvement, insulin release initiation and antioxidant as well as anti-inflammatory characteristic of these components. SGLT: Sodium-Glucose Linked Transporter.
The GLUTs (or SLC2A), member of the solute carrier family, are membrane transport proteins that facilitate glucose transportation over plasma membrane, composed of more than five thousand members in all three kingdoms [40, 41] . The presence of these transporters in all phyla suggests that glucose is a vital source of energy for all forms of life. Many people believe that there are 14 GLUTs in humans [9] and these 14 isoforms are classified into class I (GLUTs 1-4, 14), class II (GLUTs 5, 7, 9 and 11) and class III (GLUTs 6, 8, 19, 12 and 13). GLUTs are the main regulators of glucose homeostasis in the body and every cell type of the body consists of at least one GLUT isoform. In order to insulin dependent glucose transport, GLUT4 isoform mainly needs to be translocated from an intracellular site to the plasma membrane to enhance glucose uptake. Therefore, GLUT4 is responsible for insulin-stimulated glucose uptake [42, 43] . This transporter plays a major role in the maintenance of plasma glucose, since it is primarily expressed in tissues associated with insulin mediated glucose uptake, such as skeletal muscle and adipose tissues [43] . Since GLUT4 is dependent on insulin for the uptake of glucose and its impairment can cause insulin resistance and the aim of this review is to discuss the insulin signaling pathway, more emphasis has been given on this glucose transporter protein. In Table 2 , reported features of GLUT4 including others of class I glucose transporters are described. 
GLUT-4 Targets Insulin Signaling Pathway
Insulin signaling coordinates GLUT4 mobilization from intracellular membrane particles, GSVs recognition at plasma membrane, at finally these two membranes are fused through multiple engaging of GTPases which start cycling between an 'active' GTP-bound conformation and they facilitate an 'inactive' guanosine diphosphate (GDP)-bound state and their biological effects. Multiple components of the compartmentalizing machinery interact with active GTPases to confer alignment and specificity in membrane flow [46] . Furthermore to small GTPases, insulin signaling directly targets motor proteins, fusion-regulating proteins and membrane tethers which propose the insulin conducts several phases in the GLUT4 trafficking route to elevate the concentration of the transporter on the cell surface. The insulin signaling pathways increase the levels of GLUT4 of plasma membrane mostly by raising exocytosis of GSVs. Yet, studies show insulin might also affect the endocytosis, sorting and formation of GSVs in the GLUT4 membrane trafficking [47, 48] .
Insulin Signaling Pathway and GLUT4 Trafficking
Insulin express its action upon its connection to insulin receptor (IR), which is a type of tyrosine kinase comprised of two extracellular α subunits considered as insulin binding sites and two cytoplasmic β subunits. Attachment of α subunits to the insulin hormone induces the phosphorylation of β subunits and transferring signals in the entire membrane. This event activates the intracellular tyrosine kinase domain of the β subunit [13] leading to auto-phosphorylation of tyrosine residues in several regions of this subunit, including juxtamembrane region, regulatory loop and C-terminal ( Figure 3 ) [49, 50] .
Then, activated IR phosphorylates phosphotyrosine binding domains on the intracellular substrates, including insulin receptor substrate (IRS) family, Gab-1, CBL, APS and Shc (adapter protein) isoforms and signal regulatory protein (SIRP) family members [13, 51] . Linkage of insulin to its receptor which induces tyrosine kinase operation as a key factor involved in the insulin activity. Mutations in the Adenosine triphosphate (ATP) binding domain abolish ATP binding, resulting in shutdown of kinase activity and insulin signaling [52] . cytoplasmic β subunits. Attachment of α subunits to the insulin hormone induces the phosphorylation of β subunits and transferring signals in the entire membrane. This event activates the intracellular tyrosine kinase domain of the β subunit [13] leading to auto-phosphorylation of tyrosine residues in several regions of this subunit, including juxtamembrane region, regulatory loop and C-terminal (Figure 3) [49, 50] . Then, activated IR phosphorylates phosphotyrosine binding domains on the intracellular substrates, including insulin receptor substrate (IRS) family, Gab-1, CBL, APS and Shc (adapter protein) isoforms and signal regulatory protein (SIRP) family members [13, 51] . Linkage of insulin to its receptor which induces tyrosine kinase operation as a key factor involved in the insulin activity. Mutations in the Adenosine triphosphate (ATP) binding domain abolish ATP binding, resulting in shutdown of kinase activity and insulin signaling [52] .
Activation of PI3K Pathway
Binding of insulin to IR activates the PI3K-mediated insulin signaling pathway, which involves and phosphorylates IRS proteins [15] . Afterwards, IRS molecules build a connection with p85 regulatory subunit of I PI3K class by acting as docking sites for the SH2 domain. Activity of IRS molecules together with PI3K activates and the successive formation of phosphatidylinositol-3,4,5-trisphosphate (PIP3) from phosphatidylinositol-4,5-bisphosphate (PIP2) at the plasma membrane (Figure 4a ). In turn, PIP3 acts as a docking site for several PH domain-containing serine/threonine kinases which are associated in glucose uptake, including phosphoinositide-dependent kinase 1 (PDK1) and AKT [53] . Through dual serine/threonine phosphorylation, PDK1 and mTORC2 activate AKT. The mostly studied targets of AKT are the RAB GAP AS160 and RAL-GAP complex (RGC), belongs to the family of small GTPases. These small GTPases are involved in GLUT4 vesicle 
Binding of insulin to IR activates the PI3K-mediated insulin signaling pathway, which involves and phosphorylates IRS proteins [15] . Afterwards, IRS molecules build a connection with p85 regulatory subunit of I PI3K class by acting as docking sites for the SH2 domain. Activity of IRS molecules together with PI3K activates and the successive formation of phosphatidylinositol-3,4,5-trisphosphate (PIP 3 ) from phosphatidylinositol-4,5-bisphosphate (PIP 2 ) at the plasma membrane (Figure 4a ). In turn, PIP 3 acts as a docking site for several PH domain-containing serine/threonine kinases which are associated in glucose uptake, including phosphoinositide-dependent kinase 1 (PDK1) and AKT [53] . Through dual serine/threonine phosphorylation, PDK1 and mTORC2 activate AKT. The mostly studied targets of AKT are the RAB GAP AS160 and RAL-GAP complex (RGC), belongs to the family of small GTPases. These small GTPases are involved in GLUT4 vesicle translocation, directed to the plasma membrane [54, 55] . Synip and CDP138, categorized as the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) regulatory proteins, are direct substrates for AKT and regulate GLUT4 vesicle fusion with the plasma membrane [47, 56] .
Studies in the presence of IRS/AKT inhibitors or dominant-negative IRS/AKT have revealed the necessity of IRS molecules in addition to AKT in the absorption of glucose [57, 58] . The active AKT over expression can significantly but not entirely emulate insulin efficiency [59, 60] . AKT, a focal axis links insulin signals to the modulator proteins of GLUT4 trafficking. Molecular studies that investigated GLUT4 trafficking in the knockout or knockdown of AKT constructs demonstrated that kinase affects the exocytic domain of the GLUT4 trafficking itinerary, by targeting and fusion of GLUT4 containing vesicles and regulating the translocation [54, 61] . The experimentation for AKT targets in muscle and adipocytes continue, probably gives further intuition into the definite phases of GLUT4 trafficking which is regulating by this kinase. translocation, directed to the plasma membrane [54, 55] . Synip and CDP138, categorized as the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) regulatory proteins, are direct substrates for AKT and regulate GLUT4 vesicle fusion with the plasma membrane [47, 56] . The interaction of IRS proteins and PI3K consequences in the activation of PI3K and this catalyzes the successive synthesis of PIP3 from PIP2 at the plasma membrane. PIP3 in turn acts as a docking site for several pleckstrin homology (PH) domain-containing Serine/threonine kinases that are implicated in glucose uptake, including phosphoinositide-dependent kinase 1 (PDK1) and AKT. Through dual serine/threonine phosphorylation, PDK1 and mammalian target of rapamycin 2 (mTORC2) activate AKT. AKT then stimulates the small GTPases, AS160 and the RAL-GAP complex (RGC) which are involved in GLUT4 vesicle translocation, directed to the plasma membrane. (b) APSdependent insulin signaling pathway: Insulin binding also initiates an APS-dependent insulin signaling cascades by recruiting and tyrosine phosphorylation of the adaptor protein APS. Upon IR phosphorylation, APS recruits a complex that includes c-CBL (protein encoded by CBL gene) and catabolite activator protein (CAP). This causes insulin receptor-catalyzed tyrosine phosphorylation of c-CBL. Phosphorylated c-CBL then activates the adaptor protein CRK, which is in intricate with C3G which is a guanine nucleotide exchange factor (GEF). C3G in turn activates TC10 which is originated in lipid rafts in the plasma membrane. Active TC10 (a member of small GTP-binding proteins) regulates GLUT4 vesicle exocytosis by interacting with several effector proteins. One TC10 binding protein, CIP4, recruits a stable complex with the RAB GEF GAPEX5. This regulates GLUT4 vesicles retention and translocation. Another EXO70 (a subunit of exorcist complex), TC10 effector protein and a subunit of the exocyst tethering complex, has been implicated in GLUT4 vesicle targeting.
Studies in the presence of IRS/AKT inhibitors or dominant-negative IRS/AKT have revealed the necessity of IRS molecules in addition to AKT in the absorption of glucose [57, 58] . The active AKT over expression can significantly but not entirely emulate insulin efficiency [59, 60] . AKT, a focal axis links insulin signals to the modulator proteins of GLUT4 trafficking. Molecular studies that investigated GLUT4 trafficking in the knockout or knockdown of AKT constructs demonstrated that kinase affects the exocytic domain of the GLUT4 trafficking itinerary, by targeting and fusion of GLUT4 containing vesicles and regulating the translocation [54, 61] . The experimentation for AKT Insulin signaling cascades regulate GLUT4 trafficking by intracellular itinerary. (a) PI3K-mediated insulin signaling pathway: Being active by insulin binding, this pathway leads to the involvement and phosphorylation of IRS adaptor proteins. Tyrosine phosphorylated IRS proteins bind with PI3K. The interaction of IRS proteins and PI3K consequences in the activation of PI3K and this catalyzes the successive synthesis of PIP 3 from PIP 2 at the plasma membrane. PIP 3 in turn acts as a docking site for several pleckstrin homology (PH) domain-containing Serine/threonine kinases that are implicated in glucose uptake, including phosphoinositide-dependent kinase 1 (PDK1) and AKT. Through dual serine/threonine phosphorylation, PDK1 and mammalian target of rapamycin 2 (mTORC2) activate AKT. AKT then stimulates the small GTPases, AS160 and the RAL-GAP complex (RGC) which are involved in GLUT4 vesicle translocation, directed to the plasma membrane. (b) APS-dependent insulin signaling pathway: Insulin binding also initiates an APS-dependent insulin signaling cascades by recruiting and tyrosine phosphorylation of the adaptor protein APS. Upon IR phosphorylation, APS recruits a complex that includes c-CBL (protein encoded by CBL gene) and catabolite activator protein (CAP). This causes insulin receptor-catalyzed tyrosine phosphorylation of c-CBL. Phosphorylated c-CBL then activates the adaptor protein CRK, which is in intricate with C 3 G which is a guanine nucleotide exchange factor (GEF). C 3 G in turn activates TC 10 which is originated in lipid rafts in the plasma membrane. Active TC 10 (a member of small GTP-binding proteins) regulates GLUT4 vesicle exocytosis by interacting with several effector proteins. One TC 10 binding protein, CIP4, recruits a stable complex with the RAB GEF GAPEX5. This regulates GLUT4 vesicles retention and translocation. Another EXO 70 (a subunit of exorcist complex), TC 10 effector protein and a subunit of the exocyst tethering complex, has been implicated in GLUT4 vesicle targeting.
Activation of APS Pathway
Insulin binding to the activated insulin receptor initiates an APS-dependent insulin signaling cascades by recruiting and tyrosine phosphorylation of the adaptor protein APS [62] . Upon the addition of phosphate group to IR, APS activate a complex following the c-CBL-associated protein (CAP) and activation of proto-oncogene c-CBL [63, 64] . This causes IR-catalyzed tyrosine phosphorylation of c-CBL which in turn activates signal transduction molecules such as CRK, which is in involved with the guanine nucleotide exchange factor (GEF) protein cyanidin 3-glucoside (C 3 G) (Figure 4b ) [65] . C 3 G then activates TC 10 , a member of the RHO-family of small GTPases [66, 67] originated from lipid rafts in the plasma membrane. Active TC 10 regulates GLUT4 vesicle exocytosis by interacting with several effector proteins. One TC 10 binding protein, CDC42 interacting protein 4 (CIP4), recruits a constant complex with the RAB GEF GAPEX5. This regulates the activity of RAB5 family GTPases, which are involved in GLUT4 vesicles retention and translocation. Another EXO 70 , TC 10 effector protein and a subunit of the exocyst tethering complex, has been implicated in GLUT4 vesicle targeting [47] .
Disrupting individual components of the PI3K-mediated or the APS-mediated insulin signaling pathways in adipocytes, either by proteins inhibitors or with small interfering RNA (siRNA)-mediated knockdown which inhibits glucose uptake and GLUT4 exocytosis, [47, 57, 68] suggests that these pathways control the GLUT4 trafficking machinery. The PI3K signaling pathway is important for GLUT4 exocytosis in muscle cells. The need for an APS signaling route in the absorption of glucose upon the stimulation by insulin is uncertain due to conflicting siRNA and mouse knockout studies. In a study, low efficiency of TC 10 α regardless of TC 10 β in 3T3-L1 adipocytes induces a restricted suppression in the glucose intake in the response to insulin release and GLUT4 trafficking [68] . However, in another study, CAP, a protein of APS signaling pathway, seems to be crucial in insulin signaling. CAP is significantly induced during adipocyte differentiation and is regulated transcriptionally by the thiazolidinedione family of insulin-sensitizing peroxisome proliferator-activated receptor gamma (PPAR-γ) agonists [69] . In this line, expression of a dominant-interfering CAP mutant in another study completely blocked both insulin-stimulated glucose uptake and GLUT4 trafficking [51] , but the siRNA mediated knockdown of c-CBL and CAP proteins did not exert any substantial effect on insulin-stimulated glucose uptake or GLUT4 trafficking [70, 71] . Together, APS signaling pathway plays a relatively controversial role at the different molecular targets in insulin-stimulated GLUT4 trafficking.
Phytochemicals and Insulin Signaling Pathway
Insulin sensibility in mice with diabetes was improved upon the administration of methylswertianin and bellidifolin phytochemicals [72] . The mechanism of action of these phytochemicals is to increase expression of IR, IRS-1 and PI3K proteins which are involved in the insulin signaling pathways. Moreover, both phytochemicals are capable of decreasing the activity of glucokinase (GK) and increasing glucose-6-phosphatase (G6Pase) activity, stimulating beta cells in the pancreas to release insulin. Similarly, it was demonstrated that administration of two gallotannins has increased the mRNA expression of GLUT4 and PI3K in the L6 cells [26] . The bioactive compound, 3β-taraxerol exhibited its function following by glucose transport and its preservation upon glucose consumption and glycogen formation. This study revealed that triterpenoid activated glucose transport through the translocation of GLUT4, was mediated by PI3K dependent activation of AKT protein [27] .
In another study, Astragalus polysaccharide improved glucose homeostasis and enhanced insulin sensitivity in skeletal muscle of type 2 diabetic mice. The mechanism underlying improvement of insulin sensitivity by Astragalus polysaccharide is to regularize the insulin-stimulated PKB-Ser473 phosphorylation and GLUT4 translocation [28] . Cyanidin-3-O-β-glucoside and protocatechuic acid possess insulin-like activity in human adipocytes. These phytochemicals increase glucose uptake by enhancing GLUT4 translocation and adiponectin secretion that causes probable improved activity of PPAR-γ [29] . Daidzein activates adenosine monophosphate-activated protein kinase (AMPK) followed by GLUT4 translocation to plasma membrane of muscle cells and enhances glucose homeostasis in type 2 diabetic mice [30] . Iridoid, catalpol, specioside and verminoside showed substantial GLUT4 excitation in the superficial layer of cell to facilitate intracellular glucose uptake [31] . Gallic acid decreases blood glucose in diabetic rats [32] and also enhances glucose uptake through the compartmentalization of GLUT4 to the plasma membrane in adipocytes, isolated from STZ-treated rats [73] . Besides, it has been found that quercetin decreases the expression of the Na + -dependent glucose transporter (SGLT1), inhibiting the intestinal glucose absorption in CaCo-2/15 cell lines [74] .
Protein tyrosine phosphatase 1B (PTP1B) is an antagonist of the insulin transduction pathway, moreover, dephosphorylated insulin receptor tyrosine kinase (IRTK) and IRS result in the suppression of insulin transduction pathway. The PTP1B knock-out mice exhibited enhanced insulin sensitivity in muscles and liver [75] which revealed an option for the anti-diabetic function of specific PTP1B inhibitors [76] . Ursolic acid and oleanolic acid were identified as competitive PTP1B inhibitors, indicating higher expression of phosphorylated insulin receptor and glucose adsorption [77, 78] . Berberine and vanillic acid significantly improve GLUT4 translocation via AMPK-dependent pathway, whereas arecoline does the same via the PPAR-γ pathway [33] Besides, the fungal metabolite, demethylasterrriquinone-B, could directly stimulate IRTK, AKT and ERK pathways, apply glucotropic effects of insulin with no mitogenic effect exertion [79, 80] .
Apart from the above bioactive compounds, there are many more phytochemicals other than flavonoids have been reported for their anti-hyperglycemic effects [81] [82] [83] . Piperine, pipernonaline and dehydropipernonaline are alkaloid compounds extracted from Piper retrofractum that trigger activation of AMPK signaling pathway and the PPAR-γ protein [84, 85] . Another study showed that ellagitannins, a tannin phytochemical, restrain α-glucosidase enzymes [86] . In addition, thiosugars like kotalanol [87] and salacinol [88] , also inhibit α-glucosidase enzymes. This inhibitory effect of α-glucosidase enzymes is sometimes analogous to the inhibitory effect of standard drugs, acarbose and voglibose [87, 88] . Another anti-hyperglycemic plant biomolecule, mangiferin, is a xanthone compound. In the Salacia oblonga extract, the presence of mangiferin enhanced the GLUT4 proteins expression and translocation of this glucose transporter to the surface of L6-myocytes and 3T3-L1 adipocytes, consequently, increasing glucose uptake by the cells [34] .
Conclusions
Understanding the cellular substrates of insulin signaling pathways and their effect on GLUT4 compartmentalization supports the intracellular itinerary of glucose uptake by predominantly GLUT4-containing tissues in both normal and diabetic condition and the role of phytochemicals. Therapeutically, the glucose transporter isoform GLUT4 could be a crucial target to treat insulin resistance, since GLUT4 is an insulin-dependent isoform which is responsible for most insulin-stimulated glucose uptake. Naturally occurring bioactive compounds such as phytochemicals, known as cures for insulin resistance and suppression of the disease, need more research attention. A number of phytochemicals evaluated for their antidiabetic properties in insulin signaling pathways and GLUT4 protein have been discussed and reviewed here. Some of these phytochemicals display very significant effects. Dietary consumption of bioactive natural compounds reduces the risk of insulin resistance due to GLUT4 impairment in skeletal muscle and adipose tissues. Additionally, phytochemical therapy perhaps offers a new therapeutic approach in pharmacological studies to cure type 2 diabetes or facilitate the greater effect of current treatments.
